Purpose: Rheumatoid arthritis (RA) can result from complex interactions between the affected person's genetic background and environment. Viral and bacterial infections may play a pathogenetic role in RA through different mechanisms of action. We aimed to evaluate the presence of antibodies (Abs) directed against two proteins of Mycobacterium avium subsp. paratuberculosis (MAP) in sera of RA subjects, which are crucial for the survival of the pathogen within macrophages. Moreover, we analyzed the correlation of immune response to both proteins with the following homologous peptides: BOLF1 305-320 , MAP_4027 18-32 and IRF5 424-434 to understand how the synergic role of Epstein-Barr virus (EBV) and MAP infection in genetically predisposed subjects may lead to a possible deregulation of interferon regulatory factor 5 (IRF5). Materials and methods: The presence of Abs against protein tyrosine phosphatase A (PtpA) and protein kinase G (PknG) in sera from Sardinian RA patients (n=84) and healthy volunteers (HCs, n=79) was tested by indirect ELISA. Results: RA sera showed a remarkably high frequency of reactivity against PtpA in comparison to HCs (48.8% vs 7.6%; p<0.001) and lower but statistically significant responses towards PknG (27.4% vs 10.1%; p=0.0054). We found a significant linear correlation between the number of swollen joints and the concentrations of antibodies against PtpA (p=0.018). Furthermore, a significant bivariate correlation between PtpA and MAP MAP_4027 18-32 peptide has been found, suggesting that MAP infection may induce a secondary immune response through cross-reaction with IRF5 (R 2 =0.5). Conclusion: PtpA and PknG are strongly recognized in RA which supports the hypothesis that MAP infection may be involved in the pathogenesis of RA.
Introduction
Mycobacterium avium subsp. paratuberculosis (MAP) is an obligate intracellular pathogen. Humans are frequently exposed to MAP due to its prevalence in dairy cattle and because of environmental contamination and resistance to pasteurization and chlorination. This bacterium is the etiologic agent of Johne's disease in ruminants and it has been associated with Crohn's disease [1] [2] [3] as well as some other human diseases. 4 Following the colonization of the host, the parasitic organism alters the host immune system by the use of molecular mimicry, displaying peptide sequences similar to that of the host cells, causing a disruption of self vs non-self-recognition. Theoretically, the failure to recognize the invading organism from host cells may result in numerous autoimmune conditions. To demonstrate this, different studies conducted in recent decades show that MAP infection is dangerous to the animals, but the threat is felt most significantly by humans. 5, 6 It has been necessary to develop different laboratory techniques to better investigate the MAP infection. Interestingly, ELISA results showed a high sensitivity and specificity in comparison to the other tests. 7, 8 In this scenario, in addition to Crohn's disease, MAP has been associated with other human diseases, like multiple sclerosis (MS) [9] [10] [11] and neuromyelitis optica spectrum disorder (NMOSD). 12, 13 MAP has also been associated with Parkinson's disease 14, 15 and with type-1 diabetes (T1D). 16, 17 In addition, it has been shown that in mice, heatkilled MAP (MIFA) emulsified in incomplete Freund's (ICF) adjuvant, induced an early experimental autoimmune encephalomyelitis and more severe clinical scores, as opposed to MOG-CFA immunized mice. 18 Recent studies suggest that MAP infection may trigger rheumatoid arthritis disease (RA), 19, 20 a common chronic joint inflammatory disease with aberrant synovial inflammation, proliferation of the synovial tissues, and advanced destruction of cartilage and bone. [21] [22] [23] The etiology of RA is unknown but involves both environmental and genetic factors. It has been suggested that molecular mimicry between bacterial and human antigens may be one of the many possible mechanisms of RA development. 20 Moreover, individuals with RA have autoantibodies to citrullinated peptides frequently, which suggests the involvement of the peptidylarginine deiminases citrullinating enzymes (encoded by PADIgenes) in RA. [24] [25] [26] [27] Recent studies highlight the crucial role of macrophages in RA. 28, 29 Considering the results following the stimulation of macrophages with LPS 30 and taking into consideration that MAP infection specifically targets macrophages, 49 we hypothesize that this may lead to a dysregulation of the molecular pathways. This may lead to a different expression of transcription factors and cytokines, causing a dysregulation of the inflammatory response in RA.
MAP infection, the cause of great losses of livestock, is now correlated with several autoimmune human diseases, thus proving a problem for public health. 20, 31 In a previous study, we identified a high sequence homology among interferon regulatory factor 5 (IRF5), EBV antigen BOLF1, and MAP antigen MAP_4027, and found that epitopes of EBV and MAP cross-react with IRF5. 19 We have also demonstrated that IRF5 is a potential autoimmune target of RA. 20 These results support the hypothesis that MAP infection might be involved in RA pathogenesis, igniting a secondary immune response that cross-react against RA selfpeptides. 19, 20 To this end, we aim to further investigate the molecular mechanism involved during the MAP infection.
In this study, we analyzed the immune response against two proteins of MAP: PtpA (protein tyrosine phosphatase A; UniProtKB Accession number: A0A200GPK8) and PknG (protein kinase G; UniProtKB Accession number: A0A202FS53) in RA patients and HCs. Results showed that a high level of antibodies against both virulence factors was measured, suggesting that these patients had been previously exposed or infected with MAP.
Materials and Methods Subjects
Eighty-four RA patients (19 males, 65 females; median age 59.0 years) who met the 2010 ACR/EULAR Classification Criteria for RA (criteria of the American College of Rheumatology) 32 were enrolled at the Outpatient Clinic of the Rheumatology Unit, Department of Clinical and Experimental Medicine, University Hospital of Sassari, Italy. Collected data included: disease duration, rheumatoid factor (RF) positivity, anti-cyclic citrullinated peptide (anti-CCP) positivity, steroid treatment, diseasemodifying anti-rheumatic drugs (DMARDs), anti-tumor necrosis factor-alpha drugs (tocilizumab, and abatacept), levels of C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) levels, Disease Activity Score-28 (DAS-28), and Health Assessment Questionnaire (HAQ).
A total of 79 healthy controls (HCs) (25 males, 54 females; median age 46.7 years) were recruited at the Blood Transfusion Centre of Sassari, Italy. Demographic, clinical and laboratory features of RA patients and HCs are summarized in Table 1 .
Recombinant Protein Production and Plate Preparation
Recombinant proteins were produced according to published protocols. [33] [34] [35] [36] In brief, PtpA was produced in M. smegmatis harboring the ptpA gene cloned into the vector pALACE (hygromycin resistance), whereas PknG was produced in E. coli harbouring the plasmid pknG-pET-30b (kanamycin resistance). Both proteins were purified by affinity chromatography using Ni-NTA resin as published. 33 Produced proteins were stored at −20°C until used.
ELISA plates were Maxisorp (TermoFisher) and were coated with 50 μg/mL of each antigen in PBS overnight at 4°C. The next day, plates were washed with PBS, supplemented with Tween-20 (PBS-T) ×3 and blocked with BSA 3% in PBS overnight at 4°C. The concentration of antigen used in this study was already determined in previous studies as the concentration necessary to obtain a differential change in the readout. [34] [35] [36] The next day, the blocking solution was discarded, and the plates were dried at room temperature. Plates were then shipped to Italy to perform the ELISA. Previous studies performed in our laboratory indicated that the shipping of dried plates did not affect the antigen conformation. 35 
ELISA Assays and Statistical Analysis
The study investigated specific antibody responses against PtpA and PknG proteins in RA patients in comparison to healthy controls using enzyme-linked immunosorbent assay (ELISA). The technique was performed as described previously. 19 The optical density (OD) was read at a wavelength of 405 nm using SpectraMax Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA, USA).
All experiments were repeated three or more times and all serum samples were assayed in duplicates. The background, which was determined by incubating immobilized protein with a secondary antibody alone, was subtracted from each measurement. Positive control sera were included in all experiments. The cut off for positivity in each assay was calculated by ROC analysis and set at >90% specificity. The sensitivity was chosen accordingly. The significance of differences between the OD values of RA and HCs groups was determined using a Mann-Whitney test.
Linear regression analysis adjusted for age and sex was performed to evaluate the correlation between RA features (independent variables) and the serum concentration of antibodies against PtpA and PknG (dependent variables).
Differences with p<0.05 were considered statistically significant. The area under receiver operating characteristic curve (AUROC) was analyzed using GraphPad Prism 6.0 software (San Diego, CA, USA).
Comparison of positivity to the assessed proteins between RA patients and HCs was performed through Fisher's exact test.
Correlation analyses were performed between PtpA and PknG and all the homologous pairs (BOLF1, MAP_4027 and IRF5).
The study was approved by the Ethics Committee of the Azienda Ospedaliero-Universitaria of Cagliari, Italy (prot. Num. PG/2018/5463) and performed in accordance with the Declaration of Helsinki. All participants or their legal tutors have given written informed consent. All methods were carried out in accordance with the approved guidelines.
Results
Abs against PtpA were found to be above positive level in 41 out of 84 (48.8%) RA patients, whereas 6 out of 79 (7.6%) HCs were positive in serum (AUC=0.7525, p=0.0001, Figure 1A A noteworthy correlation was found between PtpA and all homologous pairs (BOLF1, MAP_4027 and IRF5). The highest correlation was found between PtpA and MAP_4027 18-32 (R 2 =0.4945; Figure 2C ) followed by BOLF1 305-320 (R 2 =0.4876; Figure 2A ). IRF5 424-434 results showed the lowest correlation with PtpA, compared to MAP_4027 and BOLF1 305-320, but it is still well founded to hypothesize a cross-reactivity between the two epitopes (R 2 =0.4293; Figure 2E ). On the other hand, we found lower correlations between PknG and all three homologous pairs, in comparison with PtpA, i.e., (R 2 =0.2025; Figure 2B ) with BOLF1 305-320 , (R 2 =0.194; Figure 2F ) with IRF5 424-434 and (R 2 =0.3259; Figure 2D ) with MAP_4027 [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The correlation analysis showed that EBV and MAP have a synergic effect in the pathogenesis of RA. Globally, RA subjects displayed a significantly increased positivity to PtpA protein compared to HCs with a high degree of statistical significance ( Figures 1A and 3A ). However, we have found a lower reactivity with PknG ( Figures 1B and 3A) . Finally, a lower reactivity of MAP_4027 [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] was observed when comparing to PtpA and PknG, but with a statistical significance vs HCs (22.6% vs 3.8%, p=0.0004, Figure 3B ).
We found no correlation between anti-PtpA/PknG Abs and serological and clinical features of RA, including disease activity and the type of immunosuppressive treatment, with the exception of a marginal correlation between Abs against PtpA serum concentration and a number of tender and swollen joints (r=0.224, p=0.042 and r=0.279, p=0.010, respectively). In the linear regression analysis, performed adjusting for age and sex, a significant linear correlation between the number of swollen joints and the serum concentration of Abs against PtpA was found (B (95% CI) = 0.025 (0.004-0.045), p=0.018).
Analyzing single, double, and triple positivity for PtpA, PknG and MAP_4027 18-32 peptide, we observed that 11 RA patients tested positive for all antigens, while no positivity was found with HCs (p=0.0007, Figure 3A) . These data showed that in an attempt to delete the pathogen, the immune system triggers an immune reaction against different portions of MAP but with a major reactivity for PtpA.
The results showed that, generally, PtpA and PknG proteins are highly recognized in RA patients, which may be useful to analyze the molecular mechanisms in macrophages after MAP infection. It is thus helpful to understand how MAP grows inside the macrophage to understand its implication in RA pathogenesis. 
Discussion
The pathogenesis of RA is due to a complicated interplay between genes, the immune system, and the environment. 37 In this study, we investigated further the link between MAP and macrophages in RA, taking into consideration that different cell populations are involved in the autoimmune process. However, it became increasingly clear that macrophages are very important in the pathogenesis of RA, as they generate cytokines that enhance inflammation and contribute to the destruction of bone and cartilage.
Research has now discovered an unexpectedly high level of heterogeneity in the macrophages' origin and function, and has also emphasized the role of environmental factors in their functional specialization. 28 Bacterial and viral infections and other environmental factors can modify the function of macrophages by modulating the expression of transcription factors. MAP is an intracellular bacterium that should grow in macrophages, and for this reason, we suspect that this infection can lead to a dysregulation of these cells.
We analyzed the immune response against PtpA and PknG, which are crucial proteins necessary for the survival of the pathogen within macrophages, in RA patients and HCs. In addition, we evaluated the existence of a correlation among immune responses against MAP_4027, BOLF1, and IRF5. This is helpful for understanding how the synergic role of EBV and MAP infection in genetically predisposed subjects can lead to a possible deregulation of IRF5.
We found that the Abs level against both MAP proteins is significantly higher in RA patient sera in comparison with HC sera. Moreover, we suspect that these patients have been either exposed or infected with MAP, which supports our theory on the impact of MAP infection on the development of RA.
Our results are in line with corresponding studies that showed that sera of sheep previously infected with MAP, as well as in Crohn's disease and MS have significantly higher levels of reactivity to PtpA. [1] [2] [3] 12 Similarly, we have found that in RA patients there is a strong immune response compared to HCs, and hence PtpA is a candidate for the potential detection of humoral immune responses in human.
Among different environmental agents that have been associated with RA in recent studies, there is some evidence that associates MAP with RA. 20 Recent studies have also suggested that MAP is involved in the immune response of several autoimmune diseases such as Crohn's disease, MS, NMOSD and T1D, as previously indicated. 1, 2, [9] [10] [11] [12] 16, 17 The proposed mechanism is based on molecular mimicry and citrullination. 38 In addition to the bacterium Porphyromonas gingivalis that has been associated with RA both in the murine model 39 and in humans, 26 other pathogens can also be involved, either independently or with a synergistic effect. 40, 41 In fact, in a work under review, we highlight the presence of a statistically significant antibody response between RA and HCs against the citrullinated peptide of MAP_4027 [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Cit (date not shown). Using Fisher's exact test we compared MAP_4027 peptide and citrullinated peptide in positive patients. Results showed a statistical difference in RA patients (26% vs 43%, p=0.0170) supporting the hypothesis of the involvement of MAP in RA. These two virulence factors interfering with signal transduction in the host and are secreted proteins necessary for the survival of the pathogen in the harsh environment presented by the macrophage. 33, 36 The noteworthy result towards MAP citrullinate peptide suggests that it is likely that MAP infection may trigger a citrullination process in the attempt to eliminate the pathogen by self-feeding the autoimmune process. Significantly, by carrying out a bioinformatics analysis, PtpA and PknG proteins present in their primary sequence could be potentially citrullinated from the macrophage PAD after bacterial infection, triggering the inflammatory response ((PtpA (Protein tyrosine phosphatase A; UniProtKB Accession number: A0A200GPK8) and PknG (Protein kinase G; UniProtKB Accession number: A0A202FS53)). It has now been established that citrullination, together with carbamylation, is a process that, although physiologically present in nature, is more exacerbated in autoimmune diseases. Furthermore, they are a predictive marker of the onset of the disease. This is significant because of the silent stage of MAP when infecting cells in which the citrullination may occur, even the disease develops much later. Therefore, the next step in our research is to citrullinate these proteins and to evaluate the Ab response in subjects with active arthritis and those at onset in order to understand if citrullination is part of a process generated by the host to eliminate the pathogen. In future work, the reactivity towards PtpA and PknG in the different rheumatic diseases will be tested in order to analyze similarities and/or differences.
Moreover, to understand the binding of MAP infection with RA in detail, we plan to analyze the molecular pathways of macrophages in vitro and in mouse models of arthritis following MAP infection. This helps to understand what kind of molecules (cytokines and chemokines) 42 are produced and how these can influence the activity of the other immune cells as the same macrophages and neutrophils. [43] [44] [45] Furthermore, the analysis of expression of some important transcription factors in the regulation of the immune response, such as IRF5, 46, 47 JUNB, 48 with the RNA sequencing (RNA-seq) technique and qPCR will allow for a better understanding for how MAP is involved in the etiopathogenesis of RA.
Conclusion
Our findings in this paper might stimulate further studies to verify our observations and open new frontiers for the investigation of pathogenesis of RA, including the possibility to develop new intervention strategies and the development of new drugs.
